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PLUTONIUM SCRAP MULTIPLICITY COUNTEIt OPERATION MANUAL

by

H. O. Menlove,J, Baca, M. S. Krick, K, E. Kroncke,and D. G, Langner

ABSTRACT

This manual describes the design featuxesand performanceand operating
characteristicsfor the plutoniumscrap multiplicitycounter (PSMC). It counts
neutron multiplicitiesto quantitativelyassay plutoniumin many forms, includ-
ing impure scrap and waste. Monte Carlo neutmniccalculationswem used to
design the high-efficiency(55%)detector using eighty 3Hetubes in a high-
density polyethylenebody. The new multiplicityshift-registerelectronicscan
sort multiplicitiesup to 256. The PSMC can be applied to plutoniummasses in
the range from a few milligramsto 5 kg; both conventionalcoincidencecount-
ing and multiplicitycounting are used as appropriate. This manual gives the
performancedata and preliminarycalibrationparametersfor the PSMC.



PLUTONIUMSCRiP MULTIPLICITYCOUNTER
OPERATIONMAN’JAL INTRODUCTION

GENERAL Theplutoniumscrapmultiplicitycounter(PSMC)is a high-
efficiencyneutroncounter designed for measuring the multi-
plicity of the neutronemission from both spontaneousfission
and induced-fissionreac[iom in plutoniumand uranium. The
PSMCcan also be used to measure the neutron multiplicity
from the spontaneousfission in curium,

The PSMC was developed to measure impure plutoniumand
mixed-oxide(MOX) scrap materials that are under
internationalAtcmic Energy Agency (IAEA) inspection. We
performedbasic research for and design of the PSMC hard-
ware and softwareunder the Departmentof Energy safe-
guards researchprogram. The Program of Technical
Assistanceto IAEA Safegwuds funded PSMC fabrication
and irnpIernentaticn.

The PSMC will be applied to impure plutonium and MOX
samples that xangein mass from a few tens of grams to
severalkilogramsof high-bumupplutonium. The PSMC
also can be used for the assay of subgram inventory samples
that have been baggedout of glove boxes.

DESIGNFEATURES The PSMC evolved from multiplicityneutrondetectors1~2
developedat Ims Alamos for impum plutonium samples.
The new unit was designed to be more ~ npact and to use
fewer 3Hetubes to obtain a high eflciency. We designed the
PSMC by using the Monte Carlo C + fcr Neutron and
Photon Transport (MCNP) to perfo,m the MonteCario
neutroncalculations.3 The design I;oalsfor the PSMC were

1. high efficiency(primary importance),
2. uniformefficiency vs . nple height,
3. small die-away time,
4. flat energy response.
5. minimumnumber of 3He tubes, and
6. minimumoverall size and weight.

The first four of these design goals work in opposition to
the last two. However, the MCNPcalculationsprovideddata
to significantlyimpmve on the prior designs. For example,
the pyrochemicaldetector2used one hundred twenty-six3He
tubes to obtain an efficiencyof 57~0,whereas [he present
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DESIGNFEATURES design USeSeighty %Ie tubes to get an efficiencyof 559’9,
(mm.) but with slightdegradationsin the die-away tire-eand the

energy response.

Figure 1 showsa schematicdiagram of the PSMC design
with the eighty gHetubes surroundingthe samplecavity with
a diameterof 20 cm. The outer dimensionsof the polyethy-
lene (CHZ)shield are 66 by 66 by 80 cm. The total height is
9Zcm. ne num~rof 3HCtubes was reduced in direct
proportionto the decrease in the thermal-neutronflux density
in the CHZmoderator. ThIJs,the tube density is much higher

...................................... ......................................

..:.:.
:.:.:.

..:.:.

..,...,.. . . . ................................. ........... .......................................

Fig. 1. Schematicdiagramof thePSMCshowingthe locationof the
eighty3He tubesand thegraph”teendplugs. Thesamplecavity heightis
41 cmandthe&“kmeteris 20 cm.

3
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DESIGNFEATURES in the first ring of tubes near the sample cavity than in the
(cont.) fmnlh ring of tubes away from the sample.

The samplecavity is lined with cadmium (0.8 mm thick) both
to prevent thermalizedneutronsfrom returning from the CH2
into the sampleand inducingfission reactions and to shield
the 9Hetubes from a possible high-intensitygamma-raydose
from high-bumupplutoniumsamples. There is no cadmium
on the outside of the detector rings to reduce room-
backgroundlevels. MCNPcalculations have shown that
cadmiumonly reduces the totals backgroundrate by -16%,
and the cadmiumintroduces its own backgroundof
coincident neutronsfrom cosmic-my spallations. The end
plvgs shown in Fig. 1are made of graphite to scatter the ftit
neutronsfrom the end zones back into the CH2detector
volume.

The MCNPcalculationof the response of the detector
system as a fttnctionof neutronenergy is shown in Fig. 2
along with the comparisoncurve from the pyrochemicai
counter.z The majorityof spontaneousfission and (a,n)
reaction neutronshave energies in the range of 0.5-2 MeV.

60

Es

45

*

PyrochomkelCounter

Ptutodum ScrepCounter

d 1 1 i 1 J
o 1 2 3 4 5

ENERGY(MeV)

Fig. 2. MCNPcalculaiionsof the t@ciency vs (k neutronenergyfor the
PSMCand dtepyrockwu”calcounter.2

.
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DETECTORDESCRIPTION The eighty sHe tubes have an active length of 71 cm with the
specificationsgiven in Table I. The gHe tubes partially with-
drawn from the CH2are shown in Fig. 3. The 3Hetubes are
connected to the AMFI’EKamplifiers as shown in Fig. 4.
To give approximatelyequal counting rates to each

Table I. Helium-3Tube Parameters

Model RS-P4-O828-1O1
Active length 71 cm
Diameter 2.54 cm
Fill pllXSU~ 4 atm
Gas quench Argon + C~
Cladding Aluminum
Operatingvoltage 1680v

k
.:.-------

Fig. 3. Photographof the3He tubesandhigh-voltagejunctionboxpartly
witMrawnfrom thePSMC.

5
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DETECTORDESCRIPTION
(cont.)

MPTEK
OARD

Fig. 4. Sckmtic diagra,mof the relationshipbetweentk 3He tubesand
tk AMPTEKamplijierboardin lhe high-voltagejunctionbox. The
PSMCcwuains 19AMPTEKboards i~”& a largerhigh-voltagebox
than&picted in Fig.4.

AMFTEKamplifier,fewer tubes are connected to each
amplifier for the inside tube ring than for the outer rings. For
example,one amplifier services three tubes on the innermost
ring and six tubes on the outside rings. Figure 5 shows the
measmd counting rate from each AMPTEKamplifier for a
25~f WWcein the center of the sample cavity. This demon-
strates the decrease in the neutron flux density with distance
into the CH2.

The 19AMPTEKamplifiers that m used with the PSMC are
shown in Fig. 6. The amplifier boardsam electrically
isolated fmm the detector signal lines by an aluminum
groundingplate also shown in Fig. 6. Each of the 19ampli-
fiers has a digital output signal that causes a Iight<mitting
diode, shown in Fig. 7, to blink. The twentieth signal light
indicates the status of the 5-V power supply for the amplifier
boards.

6
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DETFITORDESCRIPTION
(cant.)

500
AIll F?ING-I

400

30CI

200

100

0
1 2 3 4 5 6 7 8 9 10111213141 sI~17181g

AMPTEK CHANNEL

Fig. 5. Measuredcounting rates frotn the 19 individual ,IMPTEKboards
for a cen:ralneutron source in the PSMC showing tk numberof tubes
connected(o eachampltjler.

Fig. 6. Photographof k? high-voltagejunclionbox includingthe
AMPTEKboara%.

7



PLUTONIUMSCRAPMULTIPLICITYCOUNTER
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DETECTORDESCRWHON
(cont.) -0.

Fig. 7. Si& view of theLED lightsthatconnectto theAMPTEK bard
andhe fourdesiccanttubesintk PSMC.

Figure7 alsoshows thefourremuvabkdesiccax tiibesthat
are used to keep the detector high-voltagebox dry.

TheassembledPSMCdetectoris shownin Fig.8.

8

Fig. 8. PhotographiIftheassemMedPSMC.
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GENERAL A series of measurementswastakentoevaluatetheperfor-
mance of the detector. They consistedof measuring the high-
voltage plateau, the neutrondie-away time, the deadtime, and
the absoluteefficiencyof the detector.

HIGH-VOLTAGEPLATEAU The high-voltageplateau was measuredusing a californium
source. The high voltagewas started at 1500V and incre-
mented by 20 V for each successivemeasurementuntil
1900V was reached. At each voltage, the totals rate was
measured. The data are shown in Fig. 9. The knee occurred
at 1640V. The operating voltage is shown to be 1680V,
40 V above the knee.

An 2dlAm sample with a high-doserate of S00 ml?lhat the
surface was measuredas a functionof high-voltagesetting to
evaluate gamma-rayinterferenceproblems. A,;can be seen
in Fig. 9, there is no interferenceproblem for 500 mR/h at an
operating voltageof 1680V.

700 r I I I I
600

Smmm

ISUU lam 1700 woo lmo 2000

HIGHVOLTAGE(volta)

F@. 9. Iligh-vohageplateaufor tkPSAtC inchdinga secondplateau
measuredun&r /u-ghgamtm-my Imckgroundconditions(XMm?(h).
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DIE-AWAYTIME We used a 252Cfsource and gate settings ranging from 8 to
128ps to measure the averagedie-away time of the PSMC to
be

DETECTORDEADTIME The PSMC can be used in both theconventional(two-
pararneter)coincidencecountingmodeand in the multiphcity
mode. The deadtimeconsiderationsare much more complex
for the muhip!icitymode.

For the simplecoincidencemode, the deadtimecoefficient
/$is given by

6= (a + bT” 10-6)KS ,

where T is the measured totals rate in counts/s and a and b
areconstants givemin Table II. The comectedcounting rates
are

and

R(corr.)= R esr .

It is important to use the same deadtime coefficient for both
calibrationand assay so that any emorsin the comction will
cancel to a fnt approximation.

10
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I

DETECTORDEADTIME
(cont.)

TABLE II. PSMC PerformanceCharacteristics
(Date: May21, 1991)

Parameter WDAS

Efficiency 55.0%
Die-awaytime (center) 47 ps
Gate setting 32 PS
High voltage 1680v
Deadtimecoefficienta 0.409 ps
Deadtimecoefficientb 0.1‘2 ~s
?’(CR-5)on May 21,1992 47j.+counts/s
R(CR-5)on May 21, 1992 2556 counts/s

IMULTIPLICITYDEADTIME Fo~”multiplicityanalysis, the deadtimecorrections are done

Efficiency

.
with the equationsderived by Dytlewski7using a constant
deadtime d. The value of dwas determinedby measuring
severdl256 sources with different neutron source strengths.
The triples/doublesmultiplicityratio should be independent
of the neutron source strengthafter &adtime correction. The
value of d that gave the best average was

d= 121ns .

The efficiencyfor the PSMC was measured using a cali-
brated 25~source (CR-5) on May 21, 1992,and the result
was

4754 s-’
=0.550 .

c= 8638 n /s

The efficiencymeasurementwas repeated after field
installationand the result was

s= 0.541.

11
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MATRIXEFFECTS To determinethe effects of different matrices on the mea-
surement,a califomium source wzs placed in a 10-cm-diam
can filled by a matrix. The can setup is shown in Fig. 10,and
the dataaredisplayedin Fig. 11. The graph shows that the
detector is fairly immune to the neutronenergy moderation in
most matrix materials.

Cf Source

Fig. 10. Neutronsourceand cangeometryfor measuring
themalrixfleets on (hecounting “~?citmcy.

EMPTY

SAND

ASH
x
E
2 LEADSHOT
a

IRONSHOT

CH2SHAVINGS

eH2(0.9e)

❑ TfwLEs
UUM2ES
, SmmES

I

l.,
0.0 0.2 0.4 0.6 0.0 1.0 1.2

COUNTINGRATESNORMALIZEDTo EMm CAN

Fig. 11. Resuhsofthe matrirstudyforsingles, ahbles, andtriplesnor-
malizedtc theemptycan case.
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CONTAINEREFFECTS The effectsof thecontainerwalk wereevaluatedby placinga
califomiumsource in a steel can with various wall thick-
nesses. The experimentalsetup is shown in Fig. 12,and the
data are shownin Fig. 13. The graph can be used to correct

.
FeThickness

PI

4b

m CfSource

-’0”0”
Fig.12. Cangeomelryfor measuring the ~ect of iron
canwallson theresponse.

1.101 I 1 I I I

PSMC

1.08 - - Totals:slop~s+0.08179Umm
● Reals: Slops= +0.2400%/mm

~ 1.06 -

n HLN5.2

9
1.04 -

4
=
a 1.02-0z

1.00

O,*L I 4 I J
“o 2 4 6 8 10

IRONWALLTHICKNESS(mm)

Fig.13. Resultsof the testfor the fleet of the iron-can-wallthicknesson
thesinglesand doublesrates normalizedto unityfor zero wall th”ckness.
TheHLIVC-11resultsare inclua%dforcowqmrison.
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CONTAINEREFFECTS measurementdataforwalleffects. Theefficiencycorrection
(cont.) is very small, ~.5Y0 for normal samplecans. The data for an

HLNC-11axeshown in Fig. 12 for comparisonwith the
PSMC. In general, the containermaterial and thickness have
a negligibleeffect on the PSMC results.

A 25~f pint sourceof neutrons wasusedtomeasurethe
axial and radial xesponseprofiles for the PSMC.

AXIALPROFILES

RADIAL PROFILES

Theaxialefficiencyprofile(seeFig. 14)variesbylessthan
+2%over the height (41 cm) of the cavity and the coinci-
dence (doubles)profile falls within the X2%boundariesover
practical samplefill heights. Of course, the integral response
for a can of plutoniumhas less variation than the measured
~s2Cfpoint souxe.

The same ~szCfsource was used to measure the radial
response variation at the midpkmeof the samplecavity. The
results are shown in Fig. 15for the totals and reals rates. The
efficiencyvariation is 1.590over the 16-cmcan diameter. In
general, the samplecan should be centered in the cavity and
the integral radial variationswill be <l%.

1.15
t

_ Totals
● Roots i

1.10

1.05 [

0.901- -1
0.85 - t_-_q

0.80
0 10 20 30 40

DISTANCEFROM❑O~OM (cm)

Fig.14. Measuredrealsandtotalsratesasafunctwnojdistanceabove
thebo:tomoftk samplecavity.
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RADIALPROFILES
(cont.)

~ 1.03 -

n

Y
1.02-

u
=c 1.01-
0
z

1.001F

,w~...-. I I
“o 30 4C tio 80 100

RAolt!s(m-”.)

Fig.15. Measuredreal.sand totalsrates~ ufunctwn ofradhfrom the
centerof the samplecan.

For the con mtional we-parameteranalysisof neutroncoin-
cidence&ti it is useful to defin’ 711Cmultiplicationconstant
p. wt-wre

=~(1 + Q, (for a nonmultiplyingsample),Po ~

where a is “?ecz ‘l~t~ mtio of alpha-p,uticle-induced
neutrons to spmta,. ms fissionneutrons.

SmallMOX peli ~.vereused to measure P., giving

-=(l+b. ‘1)=0.200
‘0= 99.39

forapredelay of4.5 w and agau ngth of 32 ps.

‘l%emukiplicityanalysisdoes not w thePOconstant.

15
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PRECALIBRATION A pxdiminaryconventionalcalibration was performed
FORSMALLSAMPLES using small MOX pellet standards. The response is described

by a straight line through the origin

R = a M2M ,

where a = 114,8and M240is the ‘OPu-eff. mass in grams.

Af240 = 2.52 2q8PiJ-t 2WPU+ 1.68~2Pu .

In this case, thr muluplicationis negligibleand a is well
known.

PRECALIBRATION The PuG and MOX standards in the mass rungeof interest
m used cocalibrate the PSMC. At JAMAlamos, we used
the standardLAO and PEO sets of Pu02 standards for a
prehminary calibration.

TabJe111gives the specificationsfor the LAO andPEO a.an-
dards. These sampleswere meawrvdin thePSMC, and the
results am presented in Tab}cIV.

TABLE 111.Pu02CanData(asof3/6/88)

ID

PEO-382B
PEO-382C

PE0385
PEO-381
PEO-447

LAO25IC1O

LA0252CI0

LA0256CI0

LAO255C1O

LAO26IC1O
LA0261C11

Refmncc
Dale % 238

I

5/800.024
5:80 0.024

5/80 0.021

5/8il 0.029

$80 0.035

91W83 0.063

10/3/83 0.055

10/26/83 0.058

lo/24iti3 0.LM8

9r22/83 0.058

9122183 0.058

% 239

=

89.70
90.20
88.93
89.09

82.14
82.30

82.28
B2.25

82.16
52.16

9624a

=

9.69

9.27

10.34
10.14

16.39
16.25

16.29
16.29

16.38

16.38

% 241

0.48

0.48
0.41
0.58

0.58

1.07
1.04

1.04
1.05

1.07
1.07

% 242

0.11

0.11
0.09
0.12
0.16

0.34
034

0.34
0.34

034
0.34
~

Onunspu239+ xl~

0.407 74.81 67.47

0.407 149.6 134.9
0.346 458.0 415.0

0.481 613.2 548.9
0.461 n6.7 696.4

0.368 171.5 142.7
0.357 321.1 267.7
0.338 3f4.() 319.9

0.351 5426 451.9

0336 846.7 704.6

0,336 874.6 727.9

g-

7.42

14.84
43.35

65.02
81.40

29.31
5438

65.14

9222
144.4
149.2

0.610 ‘
0.614
O.fal
O.foa
0.4!5

J

0.411

0.409
0.418

0.407
0.407

16
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PRtX’ALIBRATION
(coIll.) ?

TABLE IV. NeutronMultiplicity Daia andAssayResults

kSample

pl;f)382B

PEO?82D

PE0385

PE0381

PE0447

L
LAO251C1O

LA0252CI0

LAO256C1O

LAO255C1O

LAO26K1O
LA0261C11

I

Singles
(s-1)

7415.0

30399.1

43452.0
65515.3
81090.2

24526.4
45743.7

54532.7

78505.5
25044.5

29329.3

Moments

Doubles I Triples
(,.1)

891.6

4035.8

6273.5

9633.0

12808.2

3823.4

7 ti8.O

9477.8

14067.7
23781.4

24559.9

5-.1

225.4

1248.0

2135.2

3508.6

5020.0

1163.8
2635.4

3363.5

5401.5

10625.5

10737.8

240~.cff
(g)

7.414

29.66

43.33

64.95

81.31

29.29

54.33

65.1

92.14

144.3

149.1

Average

AssaylR

COnvcntiottd

1.077

1.083

1.039
1.052
1.019

1.009
1.001
0.990

0.991
1.004

1.005

1.025
SUndasdDeviation 9.033
Peran[ 3.3

“crencc

Multiplicity

1.018
1.013
1.014
0.986
0.997

1.002
1.005
1.018

1.010
0.971

0.989
——

I.(KS2
0.$15
1.5

Table IV presents the countingdata for the multiplicity
analysis and the assay/referenceratios for both the conven-
tional (two parameter)and multiplicity(three parameter)
analyses (64-w gate). We see that the standarddeviation is
reduced from 3.3% to 1.5Y0by using the multiplicity analy-
sis. These results are illustratedin Figs. 16and 17.

The data given in Table IV aiid Figs. 16-17correspond to a
3-ps predelayand a 64-vs gate. To be more conservative in
the electronics for high-count-rateapplications,we changed
from the above parameters to a 4.5+s predelay and a 32-ps
gate for the final calibration.

The small MOX pellets were measuredas a gToupof five
pellets and sample A1-078 was measured individually. The
results are listed in Table V.

The ash sample (STDASH-1)and the diatomaeeousearth
sample (STDSGA-1OO)have a values that are significantly
higher than the values calculated for a pure oxide. The

17
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PRECALIBRATION 1.4 -

(cont.)
I I I

1..I - 9 L/m,
O PEO,

~ 1.2
0
z
UJ 1.1 -0 0
5 non
h 1.0 m

; ‘“g -

u O.a-

0.7-

0.6 1 I I
o so 100 1s0 200

%u.off. (g)

h“@ 16. Theassaylreferenceemorvs2@pu.efl.massforpure(LAO)
andimpure(PEO)Pu02San@cswing theconventional Iwo-pxznwer
assay.

12 -

1.1 -

1.0 ❑ n n ■ u m
e

O.ti-

0.8-

0.7
t

0.60~

~PudL(g)

Fig. 17. Thmqlr@erenceemor vs2JOpu.~.massforpwe (LAO)
andimpure(PEO)Pu02sam+lesusing{hetnuhiplicityassay.
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PR13CALIBRATION
(cont.)

1“ABLE V. PreliminaryPSMCTest Daa

Sample K Whl+ff !higlcs Doubles Tnplcs ISOiOpiCSa TM Pwbk
(s) (g) (s-l) (s-1) (s-1) a a W%wff

A1-078 100x 50 0,0888 99.39 9.97 2.30 1.037 0.981 1.00 112.3

5 M(3Xpellew 30x 50 0.2431 265.80 27.96 6.40 0.939 0.941 1.00 115.0

STDAsh-1 46x 100 1.2217 2199.2 131,9 28.92 2.378 1.19 1.005 108.0

STDSGA-1OO 140x 50 3.61 10031. 4145 97.5 3.%2 2.55 1.(K)9 ) 14.8

—.
~Alphacalculatedfor pureoxidematrix.

additionalcarbon, calcium,oxygen, etc., increase the (ot,n)
reaction rate comparedwith a pure Pu02 sample, and the
multiplicityanalysiscalculates et based on the higher
moments in the neutrondistribution.

If there is no multiplicationin the samples, the ratio of
7’/(1+ (x)is a linear functionof the ~Pu-eff. mass. Fig-
ure 18 shows a plot of the data in Table V and we see the
almost-linearre~ationshipbetweenT/(1 + a) and~u-eff.,
but with a small amountof multiplication-inducedincrease in
T for the 100-gsample. The ash and diatomactmusearth
matrix fillers dilute the high-masssamples by mom than an
order of magnitude. The good fit in Fig. 18verifies that the
large a values calculated by the multiplicityanalysis im
accurate for these samples.

“VhlARY The PSMC was designed to be highIyefficient to give good
counting statisticalprecisionon the triples counts in reason-
abletimeintervals. A typical high-bumup MOX sample
containing a few hundred grams of pIutoniumgives 1%to
2% precision in a 1000-smeasurement.

The psrtic can be used for small samplesand pun samples
usingtheconventionaltwo-parameter assay. For impure
samples, the multiplicityanalysiscan be used to reduce the
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Fig.18. Thetotahratecomectedjorh a value[Z’(I + a)] w tk
2~OpuqffMsfor impureplutoniummixwes.

emrs fmn inconccta valuescalculatedfromtheisotopic
ratios. For large MOX samples(23kgof plutonium),the
errorsfromthemultiplicityanalysisbecomeexcessive,and
theconventionalcoincidenceanalysisusuallygivesmore
accurater:sults.

‘Ile PSMCwillbecvaluatexiby the IAEA under field condi-
tions beginningin September1992.
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